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Fig. 3.— Magnitude histogram of the 38 Main candidates. The
five dark blue cells represent high-z quasars known prior to our
survey. The remaining cells are color-coded according to the results
of our follow-up spectroscopy (see §4) as follows. Light blue: high-
z quasars, green: high-z galaxies, red: brown dwarf, dark grey:
moving object or transient event, light grey: ambiguous nature
due to the low spectral S/N, white: awaiting spectroscopy. The
two cells in lower right represent z-band dropouts. The success
rate of our photometric quasar selection is quite high, approaching
100 % at the brighter magnitudes (zAB < 23.5 mag). Most of the
contaminants at fainter magnitudes are high-z galaxies.
ment error from the stacked photometry, the candidate
is eliminated. This procedure is performed in the band
in which the source photometry has the highest signal-
to-noise (S/N) ratio (typically the z band for i dropouts
and the y band for z dropouts). We also reject candi-
dates with too compact, diﬀuse, or elliptical profiles to
be celestial point sources with the Source Extractor mea-
surements on the stacked images. The eliminated sources
are mostly cosmic rays, moving or transient sources, and
image artifacts. Finally we inspect images of all the re-
maining candidates by eye, and reject additional prob-
lematic objects.
In the present survey area covering 80 deg2, we had
roughly 50,000 red point sources meeting the database
query conditions (Equations 3 and 4) and undetected in
the g and r bands. Although ∼35,000 candidates further
passed the Bayesian selection (PBQ > 0.1), the vast major-
ity (> 99.5 %) of them were eliminated by checking per-
visit photometry and source morphology as above. After
the final visual inspection, only 38 sources are found in
the Main sample. On the other hand, we are still in the
process of optimizing the Auxiliary selection so that a
reasonable number of candidates are extracted. The re-
maining part of this paper focuses on the Main sample,
for which the follow-up spectroscopy has been partially
carried out (§4).
3.4. Recovery of known quasars
Figure 3 presents the Main sample selected above as
the magnitude histogram. We found 36 i-band dropouts
as z ∼ 6 quasar candidates, and two z-band dropouts
as z ∼ 7 quasar candidates. The magnitudes of the for-
mer objects range from zAB = 21.8 mag to the limiting
magnitude of our selection, zAB = 24.5 mag, while the
latter objects are fairly bright in the y band, 21.7 and
22.6 mag.
There are five high-z quasars identified prior to our sur-
vey in the present area. They are summarized in Table
1. We found that all of them successfully pass our selec-
tion criteria and end up in the Main sample, as marked
by the dark blue cells in Figure 3. The Bayesian quasar
probability is PBQ = 1.000 in all cases. The figure implies
that the success rate of our quasar selection is quite high
at the brightest magnitudes; for example, three of the
four candidates at z < 22.5 mag are indeed previously-
discovered high-z quasars. The five known quasars in-
clude CFHQS J0216−0455 with z = 24.22 mag, which,
as we discussed in §1, is the faintest high-z quasar ever
discovered.
Thus our candidate selection works quite eﬃciently at
the brighter magnitudes. We now start to explore the
remainder of the sample with new spectroscopic obser-
vations, as described in the next section.
4. SPECTROSCOPY
We carried out spectroscopic follow-up observations of
the quasar candidates in the 2015 Fall and 2016 Spring
semesters. One of the candidates was observed with
the Optical System for Imaging and low-Intermediate-
Resolution Integrated Spectroscopy (OSIRIS; Cepa et al.
2000) mounted on the Gran Telescopio Canarias (GTC)
in 2015 September, which led to the first discovery of a
high-z quasar from our project. We also observed 19 can-
didates with the Faint Object Camera and Spectrograph
(FOCAS; Kashikawa et al. 2002) mounted on Subaru in
2015 November and December, and identified 14 more
quasars and galaxies. We further obtained additional ex-
posures for a few of the above objects in 2016 February.
The journal of these discovery observations is presented
in Table 2. The details of the observations are described
in the following sections.
4.1. GTC/OSIRIS
GTC is a 10.4-m telescope located at the Observato-
rio del Roque de los Muchachos in La Palma, Spain.
Our program (GTC19-15B; Iwasawa et al.) was awarded
14.4 hours in the 2015B semester. We used OSIRIS with
the R2500I grism and 1′′.0-wide longslit, which provides
spectral coverage from λobs = 0.74 to 1.0 µm with a res-
olution R ∼ 1500. The observations were carried out in
queue mode on dark nights with excellent weather con-
ditions and the seeing 0′′.7 – 1′′.0.
The data were reduced using the Image Reduction and
Analysis Facility (IRAF32). Bias correction, flat fielding
with dome flats, sky subtraction, and 1d extraction were
performed in the standard way. The wavelength was cal-
ibrated with reference to the arc lamp spectra. The flux
calibration was tied to the white dwarf standard stars
Ross 640 and G191-B2B observed on the same nights.
We corrected for the slit loss by scaling the spectra to
match the HSC z-band magnitudes.
One of the Main candidates was observed in this GTC
run and identified to be a quasar at z = 6.10. Its spec-
trum is presented in §5. In addition, we observed five
candidates selected from the older (S14B) version of the
HSC-SSP data release. These five objects are no longer
quasar candidates with the revised photometry in our
32 IRAF is distributed by the National Optical Astronomy Ob-
servatory, which is operated by the Association of Universities for
Research in Astronomy (AURA) under a cooperative agreement
with the National Science Foundation.
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Fig. 4.— The reduced spectra of the quasars and possible quasars discovered in this work, displayed in decreasing order of redshift. The
object name and the estimated redshift are indicated at the top left corner of each panel. The blue dotted lines mark the expected positions
of the Ly α and N V λ1240 emission lines. The spectra were smoothed using inverse-variance weighted means in 3 – 7 pixel (depending on
the S/N) boxes, for display purpose. The bottom panel displays a sky spectrum.
10 Matsuoka et al.
Fig. 5.— Same as Figure 4, but for the high-z galaxies (top six panels) and the brown dwarf (J0850+0012). The expected positions of
the interstellar absorption lines of Si II λ1260, Si II λ1304, and C II λ1335 are marked by the red dotted lines for the galaxies.
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Fig. 1.— riz color composite of Eye of Horus. The lens galaxy is labeled “L”, and the inner and outer sources are labeled “S1” and
“S2”, respectively. The knots in the sources are labeled alphabetically in approximate order of brightness. Note that the two rings clearly
have di↵erent colors. The spectroscopic redshifts of the various features are indicated by the colored circles in the upper left. The angular
scale is shown by the bar at the bottom left. The inset shows the lens system with no labels overlaid.
of the lens galaxy, we fit its spectral energy distribution
(SED) using mizuki (Tanaka 2015). Due to the strong
blending, we use the double Se´rsic fit to the lens to esti-
mate the flux in each band. The fit has a very extended
envelope out to large radii, but we truncate the model
at a radius of 3.003 (⇠ 25 kpc at the lens redshift), which
is the radius of the S2 arc. This is a somewhat arbitrary
choice, but it should include most of the lens light and
also represent the enclosed stellar mass while keeping the
flux from the (uncertain) envelope relatively small. The
SED is then fit with a suite of model templates gener-
ated by Bruzual & Charlot (2003) models assuming a
Chabrier (2003) IMF and Calzetti et al. (2000) dust at-
tenuation curve. We apply Bayesian priors on the phys-
ical properties of galaxies to keep the model parameters
within realistic ranges and to e↵ectively let the templates
evolve with redshift in an observationally motivated way
(for more details, see Tanaka 2015). We find that the
lens galaxy is very massive – it has a stellar mass of
6.6+0.7 0.1 ⇥ 1011 M , making it among the most massive
galaxies around this redshift (Muzzin et al. 2013). The
star formation rate from the fit is very small for its stel-
lar mass (SFR = 0.9+1.3 0.1 M  yr
 1), as is the dust at-
tenuation (⌧V = 0.2
+0.2
 0.1). Together with the early-type
morphology, the lens may be the brightest cluster galaxy.
Note that the given uncertainties are just statistical un-
certainties and do not account for systematic e↵ects.
4. LENS MODELS
We model the system based on the data in hand using
two independent codes: Glee (Suyu & Halkola 2010;
Suyu et al. 2012) and Glafic (Oguri 2010). The system
is complex, and our goal is to reproduce the main features
of the image configuration of both sources to obtain a
basic understanding of the system. More detailed lens
models will be presented in a future paper (Wong et al.
in preparation).
4.1. Pixelated Source Modeling
We first model Eye of Horus with Glee using pixe-
lated grids with curvature regularization for the extended
sources (Suyu et al. 2006). Lensing mass distributions
are described by parameterized profiles. Model param-
eters of the lens and source are constrained through
Markov Chain Monte Carlo (MCMC) sampling. We
use the full multiplane lens equation (e.g., Blandford &
Narayan 1986) to calculate deflection angles since there
are multiple lens and source planes involved (Suyu et al.
in preparation).
Our modeling strategy is to first use only S1 to con-
strain the parameters of the main lens galaxy (L), then
to model L and S1 simultaneously with the light from
S2 as constraints. We separate S1 and S2 by subtracting
the HSC images in two filters (after matching the see-
ing) weighted such that the light from either S1 or S2 is
removed and leaving only light from the other. We find
that using the i and z bands give the cleanest separation,
as these filters straddle the 4000 A˚ break of S1 and probe
the UV continuum of S2. The lens galaxy L is parameter-
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2016) as well as other multi-wavelength regimes (e.g.
Jackson et al. 2012). On galaxy scales, lensed quasars
are typically doubly imaged (“doubles”) or quadruply
imaged (“quads”). Most of the lensed quasar systems
discovered to date are doubles. For example, a sample
of thirteen lensed quasars recently discovered by More
et al. (2016) from the Sloan Digital Sky Survey-III are
all doubles. Nonetheless, quads with their two additional
images provide additional astrophysical information on
the foreground lens and the background source. Find-
ing more quad quasar lenses is thus of tremendous value
to the community given the small number9 of currently
known quads.
In this paper, we report the discovery of the quad
lens HSC J115252+004733 (henceforth referred to as
HSC J1152+0047) from the Hyper Suprime-Cam (HSC)
Survey. The HSC survey is a Subaru Strategic Program
(SSP) using the newly installed HSC (Miyazaki et al.
2012) instrument on the Subaru 8.2-m telescope. The
survey consists of three layers (wide, deep, ultradeep),
where the wide layer is expected to cover ⇠ 1400 deg2
in grizY -bands down to a depth of r ⇠ 26. The HSC
data are processed with hscPipe, which is derived from
the LSST software pipeline (Ivezic et al. 2008; Axelrod
et al. 2010; Juric´ et al. 2015), and are calibrated using
the Pan-STARRS1 data (Tonry et al. 2012; Schlafly et al.
2012; Magnier et al. 2013).
Our paper is organized as follows. In Section 2, we de-
scribe the disc very of HSC J1152+0047 and the multi-
wavelength imaging da a on this lens syst m. W de-
scribe the spectroscopic follow-up in Section 3. The lens
mass modeling is described in Section 4. In Section 5, we
derive the properties of the delensed source. In Section 6,
we compare our source with other distant galaxies and
quasars to understand its nature and discuss the cause of
chromatic variation in flux ratios. We present our conclu-
sions in Section 7. Magnitudes quoted in this paper are
in AB magnitudes. We note that the terms active galac-
tic nuclei (AGN) and quasar are used interchangeably in
the text. We used the following cosmological parameters
wherever necessary ⌦m = 0.308, h = 0.678,  8 = 0.831,
⌦k = 0 (Planck Collaboration et al. 2015).
2. IMAGING DATA OF HSC J1152+0047
The lens system, HSC J1152+0047, was recently dis-
covered serendipitously during the visual inspection of
data from the HSC Wide (internal data release ⇠
180 sq. deg., S15A). HSC J1152+0047 consists of the
main lens galaxy (G) with four lensed images (A, B, C
and D) in a cross configuration (see Fig. 1). A second
galaxy (G1) located very close to image C, is probably a
sat llite of the main lens galaxy G and is likely to perturb
the lens potential.
We measured the relative astrometry and photometry
of the lens galaxies and the lensed images from the HSC
imaging using galfit (Peng et al. 2002). In Fig. 2, we
show all of the HSC bands and the model-subtracted
residual images for each band, respectively. All of the
four lensed images are fit with a point spread function
9 According to the Master Lens Database
(http://admin.masterlens.org/index php), from a collec-
tion of over 115 lensed quasars, about 30 systems are known to be
quads.
Fig. 1.— Color (gri) composite of HSC J1152+0047 showing the
four blue lensed images (A, B, C and D) in an Einstein-cross con-
figuration. Apart from the central lensing galaxy (G), a companion
galaxy (G1, close to image C) is probably contributing to lensing.
The image is 1000 on the side. North is up and East is left.
(PSF) model in all bands except in the i-band, where a
Sersic profile is fit to images A and B. The lens galaxy
G is fit with a double Sersic model and the companion
galaxy G1 is fit with a PSF model. For lens galaxy G,
we used the z-band best-fit model as prior when fitting
the double Sersic model in other bands. The relative
positions from z-band and photometry in all bands along
with errors from galfit are given in Table 1. We note
that the colors (g   r and r   i) of the lensed images
(see Table 1) are consistent with the colors of a quasar
at z ⇠ 4 (Richards et al. 2001).
The flux ratios of images B, C, D with respect to image
A are shown in Fig. 3 for all of the HSC grizY -bands.
The flux ratios appear nearly uniform across all bands
with no strong evidence for di↵erential reddening. The
flux of image C, however, is likely contaminated by the
emission from satellite galaxy (G1) in the reddest (Y )
band where G1 becomes more prominent. In the bluer
bands, the fluxes of images C and D are comparable as
expected for this image configuration from lensing. Al-
though the presence of G1 could a↵ect the magnification
of image C, we do not detect any significant di↵erence
between relative fluxes of C and D.
We find that our system is also detected in the near-
infrared (NIR) imaging taken by the VISTA Kilo-degree
Infrared Galaxy survey (VIKING; Edge et al. 2013).
The JHKs imaging obtained from the VISTA Science
Archive (VSA)10 is shown in Fig. 4. The brighter pair
of lensed images show hints of presence in the J and H
imaging, where as they are well detected in the Ks-band.
We fit a PSF model to the brighter pair of images and
a Sersic model to the galaxy G with galfit. We use
10 http://horus.roe.ac.uk/vsa/dboverview.html
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Fig. 1.— The highly probable lens system from HSC survey: HSC J084928+000949. The riz c mposit cutout in 25′′×25′′ shows clea ly
the interacting feature in panel (a). Panel (b) is the central 5′′ × 5′′ region of the riz composite. Chitah separates the light components
in panel (b) into the lens light (panel (c)) and lensed arcs of the background source (panel (d)) u ing color information. The GAMA
spectroscopic redshifts are (z1, z2) = (0.128P, 0.603E), where P an E stand for “Passive galaxy” and “Emission-line galaxies”, respectively.
related to the axis ratio q by ϵ ≡ (1− q)/(1 + q).
We first model the lens light produced in the color-
diﬀerence image as shown in Figure 1(c) to obtain the
Se´rsic para eters, particularly the centroid and position
angle. We then model the lensed arcs to constrain simul-
taneously the source surface brig tness on a grid of pixels
and the lens mass parameters of PIEMD. W adopt the
curvature form of regularization on th source grid, and
Gaussian priors on the centroid (∼0.05′′) and pos ion
angle (∼3 deg) of the PIEMD based on the fitted e´rsic
parameters. We use GLEE to confirm the lensing na-
ture for those systems that have sensibl source urface
brightness and lens mass model parameters, as detailed
next.
4. GRAVITATIONAL LENS CANDIDATES FROM
HSC SURVEY
There are ten candidates that show lensed features.
We cannot obtain reasonable lens models with GLEE for
nine of them, due to e.g. rein that are too small/large or
inverted sources that appear unphysical as a result of the
limited number of image pixels. We list these nine lens
candidates in Section 4.1. We consider one candidate
that is highly probable since we can obtain a sensible
lens model with GLEE and discuss it in Section 4.2.
4.1. Lens candidates
The lens candidates are listed in Figure 2 and Table 1
for future confirmation. We identify a probable binary
lens system in J023143−045313. J084552+011156 and
J084406+013853 are likely disky lenses. Some of the can-
didates are low-redshift lenses, such as J084202+010115,
J085005+021740 and J085029+001533. These candi-
dates are worth inspecting with higher-resolution imag-
ing, as they complement nicely the existing samples of
lenses at higher redshifts, e.g., SLACS, SL2S and BELLS.
4.2. A promising interacting-galaxy lens candidate
from HSC survey
In this work, we identify one very promising lens can-
didate, HSC J084928+000949, from HSC survey via lens
modeling. The result is shown in Figure 1. Chitah sep-
arates lens light and lensed arcs using g-band cutout in-
stead of r-band cutout which has bad pixels, even though
TABLE 1
The catalog of lens candidates selected from GAMA in
the HSC survey
HSC id RA DEC (z1, z2)
HSC J084928+000949† 132.36771 0.16360 (0.128P, 0.603E)
HSC J021535−063305 33.89513 −6.55139 (0.217P, 0.749E)
HSC J022511−045033 36.29463 −4.84248 (0.309E, 0.460E)
HSC J 23143−045313 37.92875 −4.88681 (0.189P, 0.716E)
HSC J084552+011156 131.46746 1.19884 (0. 46P, 0.716P)
HSC J084406+013853 131.02333 1.64814 (0.164P, 0.229E)
HSC J084202+010115 130.50925 1.02071 (0.077P, 0.699E)
HSC J083805+012325 129.51933 1.39028 (0.240E, 0.419E)
HSC J085 05+021740 132.51888 2.29438 (0.108P, 0.457E)
HSC J085029+001533 132.62096 0.25907 (0.200E, 0.054P)
†The highly probable lens system via lens modeling. The Einstein
radius is rein ∼ 0.72′′. The total mass within the Einstein radius is
Mtot ∼ 1010.59M⊙. The stellar mass isM∗ ∼ 1010.46M⊙ including
dust extinction.
the r-band PSF is narrower than that of the g-band. The
coordinate is (RA, DEC) = (132.36771, 0.16360).
We also check the GAMA spectra shown in Figure 3
(Liske et al. 2015) to verify that it is blended of two
galaxies at diﬀerent redshifts. The two galaxy types are
emission line galaxy (z2 ∼ 0.603) and passive galaxy
(z1 ∼ 0.128) (Holwerda et al. 2015). We indicate the
emission and absorption lines at z1 = 0.128 as red and
magenta dashed lines, respectively, and the the emission
and absorption lines at z2 = 0.603 as blue and cyan dot-
dashed lines, respectively. We also note that this proba-
ble lens galaxy appears to be merging with another one
in Figure 1(a).
The result from GLEE is shown in Figure 4. We model
the lensed-arc feature in the masked region shown in the
top-left panel. The predicted lensed arc of the best fitting
model is shown in the top-right panel and the normalized
image residuals are shown in the bottom-left panel. We
can clearly see a single source in the bottom-right panel
based on the lens model with rein = 0′′.72±0.040.02. The crit-
ical line (blue) and the caustics (red) predicted by our
lens model are drawn in the top-right and bottom-right
panels, respectively. Even though we have a sensible lens
mass model of J084928+000949, we classify this object
as a highly probably lens system rather than a definite




Figure 2. Inset: HSC image (in g-band, ∼ 2.8′ × 1.8′ in size) of the candidate dwarf galaxy MADCASH J074238+652501-dw.
The center of NGC 2403 is ∼ 38′ away, or ∼ 35 kpc in projection. Background image: Color composite from SDSS-III (acquired
via http://wikisky.org/) of NGC 2403.
http://hsc.mtk.nao.ac.jp/pipedoc_e/index.html),
which is based on an earlier version of the LSST pipeline
(Axelrod et al. 2010). Images are bias-subtracted, flat-
fielded with dome flats, corrected for the brighter-fatter
eﬀect (Coulton et al., in prep.), and astrometrically
and photometrically calibrated against Pan-STARRS 1
Processing Version 2 (Schlafly et al. 2012; Tonry et al.
2012; Magnier et al. 2013). The images are transformed
to a common reference frame and coadded with con-
servative clipping to remove artifacts that appear on
a single visit. Coadded images are used for all the
photometric and astrometric measurements reported
below. We create a merged source list from deblended
catalogs in each band, and apply the same centroid and
aperture or model (generally derived from the i-band
image) to measure each object’s flux in both bands.
Point sources are separated from extended sources
by removing objects for which the model and PSF
fluxes diﬀer by more than three times the flux error
for that object. All stellar magnitudes presented in
this work are derived from PSF photometry. We then
match our catalogs to SDSS DR9 (Ahn et al. 2012),
and transform to gSDSS and iSDSS magnitudes with an
oﬀset and color term. The transformed magnitudes
have ∼ 0.03 mag scatter about the SDSS values. All
magnitudes presented henceforth are on the SDSS
photometric system, corrected for extinction using
the Schlegel et al. (1998) maps with coeﬃcients from
Schlafly & Finkbeiner (2011). The average color excess
for stars in this region of the sky is E(B − V ) ∼ 0.048.
To estimate the photometric completeness of our
catalogs, we match our Subaru/HSC data to three
HST/ACS fields in the halo of NGC 2403 from the
GHOSTS program (Radburn-Smith et al. 2011)2. The
GHOSTS fields were observed with the F606W and
F814W filters. Artificial star tests showed that the ACS
data are > 90% complete to the magnitude limit of our
HSC photometry (Radburn-Smith et al. 2011). Using a
matching radius of 1′′, we recover half of the HST/ACS
stellar sources (i.e., we are 50% complete) at a magni-
tude of F814W≈ 26.0, which corresponds to i ≈ 26.4 in
our HSC data.
4. A NEW DWARF GALAXY COMPANION
We visually identified a candidate dwarf galaxy ∼35
kpc to the east of NGC 2403 in projection (Figure 2),
which we dub MADCASH J074238+652501-dw. At
this radius, MADCASH J074238+652501-dw is just be-
yond the field of view of previous work on the halo
of NGC 2403 (Barker et al. 2012). This dwarf shows
no sign of a nuclear star cluster or disturbed morphol-
ogy. NGC 2403 has one other known dwarf compan-
ion, the bright dSph/dE galaxy DDO 44 (MB = −12.1;
2 Data products available at
https://archive.stsci.edu/pub/hlsp/ghosts/index.html
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Fig. 1.— Left panel: the spatial distribution of the sources classified as stars with i < 24.5 mag and g − r < 1.0, covering one square
degree centered on the candidate overdensity of stars. The star counts are in bins of 0◦.05× 0◦.05. Right panel: the plot for the sources
classified as galaxies with i < 24.5 mag and g − r < 1.0. Note that there is no overdensity at the center of this plot.
Fig. 2.— The spatial distribution of the stars around the overdensity (upper panels, where ∆α and ∆δ are the relative oﬀsets in celestial
coordinates) and their distribution in the g − r vs. r CMD (lower panels). Panel (a): spatial distribution of the sources classified as stars
with i < 24.5 mag and g − r < 1.0. Red circles denote annuli with radii = 2′, 4′, and 4′.5 from the center. There is an overdensity around
the field center with statistical significance of 5.5 σ. Panel (b): the same as (a) but for the stars passing the isochrone filter shown in panel
(d). The statistical significance of the overdensity, 10.5 σ, is higher than in panel (a). Panel (c): CMD for the stars at r < 2′, where the
error bars show a typical measurement error in color at each r magnitude. Panel (d): the same as (c) but including an isochrone (red line)
for a old, metal-poor system [age of 13 Gyr and metallicity of [M/H]= −2.2 at a distance modulus of (m−M)0 = 19.7 mag]. The shaded
area covers both the typical photometric error and likely intrinsic dispersion of the CMD in star clusters. Panel (e): the same as (c) but
for the field stars at 4′ < r < 4′.5, which has the same solid angle.
2015) calibrated against PanSTARRS1 photometry and
astrometry (Schlafly et al. 2012; Tonry et al. 2012; Mag-
nier et al. 2013).
We use the extendedness parameter from the pipeline
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Fig. 1.— Left panel: the spatial distribution of the sources classified as stars with i < 24.5 mag and g − r < 1.0, covering one square
degree centered on the candidate overdensity of stars. The star counts are in bins of 0◦.05× 0◦.05. Right panel: the plot for the sources
classified as galaxies with i < 24.5 mag and g − r < 1.0. Note that there is no overdensity at the center of this plot.
Fig. 2.— The spatial distribution of the stars around the overdensity (upper panels, where ∆α and ∆δ are the relative oﬀsets in celestial
coordinates) and their distribution in the g − r vs. r CMD (lower panels). Panel (a): spatial distribution of the sources classified as stars
with i < 24.5 mag and g − r < 1.0. Red circles denote annuli with radii = 2′, 4′, and 4′.5 from the center. There is an overdensity around
the field center with statistical significance of 5.5 σ. Panel (b): the same as (a) but for the stars passing the isochrone filter shown in panel
(d). The statistical significance of the overdensity, 10.5 σ, is higher than in panel (a). Panel (c): CMD for the stars at r < 2′, where the
error bars show a typical measurement error in color at each r magnitude. Panel (d): the same as (c) but including an isochrone (red line)
for an old, metal-poor system [age of 13 Gyr and metallicity of [M/H]= −2.2 at a distance modulus of (m−M)0 = 19.7 mag]. The shaded
area covers both the typical photometric error and likely intrinsic dispersion of the CMD in star clusters. Panel (e): the same as (c) but
for the field stars at 4′ < r < 4′.5, which has the same solid angle.
2015) calibrated against PanSTARRS1 photometry and
astrometry (Schlafly et al. 2012; Tonry et al. 2012; Mag-
nier et al. 2013).
We use the extendedness parameter from the pipeline
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Fig. 3.— Density profile of the stars in Virgo I, which pass the
isochrone filter shown in Figure 2(b), in elliptical annuli as a func-
tion of mean radius. The line shows a fitted exponential profile
with rh = 1′.5.
half-light radius of rh = 1′.5 or 38 pc. This spatial size is
larger than a typical size of MW globular clusters but is
consistent with the scale of dwarf satellites as examined
below.
The total absolute magnitude of Virgo I, MV , is esti-
mated by summing the luminosities of the stars within a
half-light radius, rh, and then doubling the summed lu-
minosity (e.g., Sakamoto & Hasegawa 2006). We adopt
the formula in Jester et al. (2005) for the transforma-
tion from (g, r) to V . Assuming that the distance to
this stellar system is 87 kpc, we obtain MV = −0.23
mag for rh = 1′.5. This value varies when we adopt a
diﬀerent half-light radius within its 1 σ uncertainty, as
MV = +0.02 mag for rh = 1′.1 andMV = −1.90 mag for
rh = 1′.9, where the latter case yields a much brighter
MV due to the inclusion of a bright RGB star inside the
aperture.
To assess the validity of the value of MV estimated
above, we generate the luminosity function of stars fol-
lowing the stellar population model used in Section 2
(Bressan et al. 2012) with an age of 13 Gyr and metal-
licity of [M/H]= −2.2. We adopt three diﬀerent ini-
tial mass functions (IMFs), i.e., Salpeter, Kroupa, and
Chabrier (lognormal) IMFs (Salpeter 1995; Kroupa 2002;
Chabrier 2001). Then, based on the derived number of
member stars, N∗ = 19 ± 5, at i < 24.5 mag, and con-
sidering the distance estimate error, we obtain MV for
these IMFs, as MV = −0.79+0.69−0.64, MV = −0.78+0.70−0.64,
and MV = −0.78+0.69−0.65, respectively. We also estimate
MV down to the faintest end of MS stars with MV = 13
mag, as MV = −1.07+0.73−0.71, MV = −1.12+0.75−0.71, and
MV = −1.08+0.74−0.71 for Salpeter, Kroupa, and Chabrier
IMFs, respectively. Thus, the values of MV for these
models is generally within 1 σ uncertainty of MV by
directly counting the observed member stars employed
above.
Fig. 4.— (a) The relation between MV and rh for stellar sys-
tems. Dots denote globular clusters in the MW taken from Harris
(1996). Filled and open squares denote the MW and M31 dSphs,
respectively, taken from McConnachie (2012) and the recent DES
discoveries of new ultra-faint MW dSphs (Bechtol et al. 2015; Ko-
posov et al. 2015; Drlica-Wagner et al. 2015). The red star with
error bars corresponds to the overdensity described in this paper,
Virgo I, which lies within the locus defined by dSphs. (b) The rela-
tion between MV and heliocentric distance for the systems shown
in panel (a).
4. DISCUSSION
To assess if Virgo I identified here is indeed a new MW
dwarf satellite galaxy, we compare its size quantified by
rh with globular clusters having comparable luminosity
ofMV ∼ +0.02 to −1.90 mag. In Figure 4(a), we plot the
relation between MV and rh for the MW globular clus-
ters (dots) taken from Harris (1996), and dwarf galaxies
in the MW (filled squares) and M31 (open squares) from
McConnachie (2012) and the recent DES work (Bech-
tol et al. 2015; Koposov et al. 2015; Drlica-Wagner et
al. 2015). The red star with error bars shows Virgo I
detected in this work.
As is clear from the figure, the current stellar system
is systematically larger than the MW globular clusters
having comparable MV and is located along the locus of
the MW and M31 dwarf galaxies. This is the case even
if we adopt the brighter estimate of MV = −1.90 mag
within an uncertainty of rh. Thus, the overdensity of the
stars we have found here is a candidate ultra-faint dwarf
galaxy.
The heliocentric distance to Virgo I is D = 87+13−8 kpc,
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tion of mean radius. The line shows a fitted exponential profile
with rh = 1′.5.
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licity of [M/H]= −2.2. We adopt three diﬀerent ini-
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sidering the distance estimate error, we obtain MV for
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MV = −1.08+0.74−0.71 for Salpeter, Kroupa, and Chabrier
IMFs, respectively. Thus, the values of MV for these
models is generally within 1 σ uncertainty of MV by
directly counting the observed member stars employed
above.
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tems. Dots denote globular clusters in the MW taken from Harris
(1996). Filled and open squares denote the MW and M31 dSphs,
respectively, taken from McConnachie (2012) and the recent DES
discoveries of new ultra-faint MW dSphs (Bechtol et al. 2015; Ko-
posov et al. 2015; Drlica-Wagner et al. 2015). The red star with
error bars corresponds to the overdensity described in this paper,
Virgo I, which lies within the locus defined by dSphs. (b) The rela-
tion between MV and heliocentric distance for the systems shown
in panel (a).
4. DISCUSSION
To assess if Virgo I identified here is indeed a new MW
dwarf satellite galaxy, we compare its size quantified by
rh with globular clusters having comparable luminosity
ofMV ∼ +0.02 to −1.90 mag. In Figure 4(a), we plot the
relation between MV and rh for the MW globular clus-
ters (dots) taken from Harris (1996), and dwarf galaxies
in the MW (filled squares) and M31 (open squares) from
McConnachie (2012) and the recent DES work (Bech-
tol et al. 2015; Koposov et al. 2015; Drlica-Wagner et
al. 2015). The red star with error bars shows Virgo I
detected in this work.
As is clear from the figure, the current stellar system
is systematically larger than the MW globular clusters
having comparable MV and is located along the locus of
the MW and M31 dwarf galaxies. This is the case even
if we adopt the brighter estimate of MV = −1.90 mag
within an uncertainty of rh. Thus, the overdensity of the
stars we have found here is a candidate ultra-faint dwarf
galaxy.
The heliocentric distance to Virgo I is D = 87+13−8 kpc,
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Figure 3. Left panel: Color magnitude di gram of poin sources within 20′′ of MADCASH J074238+652501-dw. Typical
photometric errors as a function of magnitude ar shown at the left side of this panel. The other three panels show CMDs
of nearby “blank-sk ” regions of the same size. I each panel, we show Padova isochrones of old (10-Gyr) populations with
met llici i s of [M/H]=−2.2, −1.5, −1.0, and −0.5, at D = 3.39 Mpc (the distance to MADCASH J074238+652501-dw; see
Section 4.1). There is an overdensity of resolved sou ces a the position of the dwarf, consistent wi an old, metal-poor RGB,
extending ∼2 mags below the RGB tip.
Karachentsev et al. 2013) roughly 1.3◦ (∼ 73 kpc in pro-
jection) to the north.
The left panel of Fig. 3 shows a color–magnitude di-
agram of objects classified as point sources within 20′′
of the center of MADCASH J074238+652501-dw. For
comparison, other panels show CMDs in three ra domly
selected nearby background fields (also with 20′′ radius).
Each panel contains PARSEC isochrones (Bressan et al.
2012) for old (10 Gyr) populations at our derived dis-
tance to ADCASH J074238+652501-dw (3.39 Mpc;
see Sec. 4.1) n metallicities ([M/H]) of -2.2, -1.5, -1.0,
and -0.5 (assuming a solar metallicity of Z⊙ = 0.0152).
The most metal-poor of these isochrones follows the red
giant branch (RGB) of MADCASH J074238+652501-
dw closely, with little evidence of younger populations
blueward of the RGB or more metal-rich RGB stars fol-
lowing the reddest of the isochrones. Two conclusions
can be drawn from Figure 3 – first, that there is an
obvious stellar excess r lative to neighboring regions,
and secondly that the excess predominantly cluster
around the old, metal-poor ([M/H] < −1.0) locus of the
isochrones we have overlaid. Assuming that the s ars in
MADCASH J074238+652501-dw mostly cluster around
[Fe/H] = -2, then we conclude that the galaxy does not
host populations significantly younger than 10 Gyr.
We estimate the mean metallicity of MAD-
CASH J074238+652501-dw by comparing the CMD
positions of stars with PARSEC isochrones. In order
to eliminate contamination by non-members, we select
the 13 stars in the left panel of Fig. 3 with i0 < 25 and
(g − i)0 > 1.0. We linearly interpolate 10 and 14 Gyr
isochrones shifted to the distance modulus listed in
Table 1, and assign each star the metallicity of the
interpolated isochrone that passes through its color
and magnitude. The mean metallicity of the 13 stars
is [Fe/H] = −1.6(−1.7) for the 10 (14) Gyr isochrones,
with standard deviation of 0.4 dex.
4.1. Di tance
We estimate the distance to MAD-
CASH J074238+652501-dw using the TRGB method
(Lee et al. 1993). The TRGB absolute magnitude is
estimated by averaging t e magnitudes of the brightest
metal-poor ([M/H] = −2.2,−1.5, and − 1.0), old (10
Gyr) stars in the PARSEC isochrones; we adopt a
TRGB magnitude of MTRGBi = −3.47 ± 0.05. We
locate the TRGB of MADCASH J074238+652501-dw
using stars within 20′′ of th dw rf center, keeping
only stars with 0.8 < (g − i)0 < 2.1 (the color range
of the metal-poor RGB; see Fig. 3). We bin these
in magnitude to create a luminosity function, then
use a zero-sum Sobel edge-detection filter to locate
the transition in stellar density corresponding to the
RGB tip. We measure i0,TRGB = 24.18 ± 0.20 for
MADCASH J074238+652501-dw (in agreement with
the distance to NGC 2403 from previous work; .g.,
Bellazzini 2008), corresponding to m−M = 27.65±0.26
(D = 3.39 ± 0.41 Mpc) for the new dwarf galaxy. For
comparison, we also perform the TRGB analysis on
stars near the main body of NGC 2403, and find
HSC	  as	  an	  LSST	  Contributor	  
•  Features	  
–  Mul-band	  processing	  scheme	  
–  Safe	  clipping	  coadd	  
–  PSFEx	  port	  
–  Object	  size	  star	  selector	  
–  Op-mis-cB	  astrometry	  
matcher	  
–  Kron,	  HSM,	  SimpleShape	  
measurements	  
–  ModelFit	  development	  
–  Rings	  skymap	  
–  Fringe	  subtrac-on	  
–  Brighter-­‐fajer	  correc-on	  
–  ctrl_pool	  and	  pipe_drivers	  
–  pipeje	  à	  pipe_base+tasks	  
•  Bug	  ﬁxes	  
•  Documenta-on	  
•  Experience	  
•  Tes-ng:	  ci_hsc	  
•  QA	  
Conclusions	  
•  HSC	  and	  LSST-­‐DM	  is	  win-­‐win:	  
– HSC	  gets	  a	  mature	  pipeline,	  eﬀort	  
– LSST	  gets	  real-­‐world	  tes-ng,	  bug	  ﬁxes,	  eﬀort	  
•  HSC	  provides	  a	  useful	  proving	  ground	  for	  LSST	  
science	  
•  HSC	  has	  made	  and	  con-nues	  to	  make	  




Valida-on	  set	  data	  quality:	  
photometry	  
Band	   Sinc	   Kron	   CModel	   Deconv.	  width	  
g	   0.013	   0.013	   0.003	   0.140	  
r	   0.015	   0.012	   0.003	   0.056	  
i	   0.016	   0.013	   0.003	   0.083	  
z	   0.016	   0.013	   0.003	   0.072	  
y	   0.020	   0.021	   0.002	   0.176	  
n921	   0.013	   0.011	   0.002	   0.098	  
•  Sinc,	  Kron,	  CModel:	  RMS	  of	  diﬀerence	  with	  PsfMag	  (mag)	  
•  Deconv.	  width:	  RMS	  width	  of	  deconvolved	  moments	  (pix2)	  
•  This	  is	  for	  Comsos;	  Wide	  tracts	  are	  similar	  
	  
NB:	  RMS	  is	  measured	  from	  IQR,	  for	  objects	  brighter	  than	  21	  mag.	  
Valida-on	  set	  data	  quality:	  
photometry	  
Valida-on	  set	  data	  quality:	  Astrometry	  
Band	   RA*	  PS1	   RA	  
MeanGal	  
Dec*	   Dec	  
MeanGal	  
RA*	  SDSS	   Dec*	  SDSS	  
g	   0.041	   0.010	   0.039	   0.001	   0.107	   0.114	  
r	   0.043	   0.015	   0.046	   0.015	   0.107	   0.106	  
i	   0.046	   0.026	   0.041	   0.018	   0.137	   0.122	  
z	   0.050	   0.018	   0.042	   0.015	   0.135	   0.119	  
y	   0.041	   0.018	   0.037	   0.022	   0.132	   0.120	  
n921	   0.045	   0.011	   0.041	   0.021	   0.134	   0.124	  
•  RA*,	  Dec*:	  RMS	  devia-on	  with	  external	  catalog	  
for	  stars	  (arcsec)	  
•  MeanGal:	  mean	  devia-on	  of	  galaxies	  with	  PS1	  
(arcsec)	  
Valida-on	  set	  data	  quality:	  Astrometry	  
Valida-on	  set	  data	  quality:	  Absolute	  
photometry	  
Band	   PS1	   SDSS	  
g	   0.019	   0.023	  
r	   0.023	   0.042	  
i	   0.025	   0.032	  
z	   0.022	   0.058	  
y	   0.036	   0.071	  
n921	   0.024	   0.052	  
•  Lee:	  RMS	  devia-on	  of	  PsfMag	  with	  external	  catalog	  (mag)	  
–  Color	  terms	  applied	  à	  in	  HSC	  system	  
•  Right:	  RMS	  width	  of	  stellar	  locus	  in	  color-­‐color	  plot	  (mag)	  
Colors	   Width	  
gri	   0.023	  
riz	   0.020	  
izy	   0.017	  
z9y	   0.019	  
Valida-on	  set	  data	  quality:	  Absolute	  
photometry	  
Valida-on	  set	  data	  quality:	  
Comparison	  
Measurement	   Stars	   Galaxies	  
ﬂux.psf	  (mag)	   0.013	   0.040	  
ﬂux.sinc	  (mag)	   0.011	   0.008	  
ﬂux.kron	  (mag)	   0.011	   0.018	  
cmodel.ﬂux	  (mag)	   0.013	   0.023	  
centroid.sdss.x	  (pix)	   0.022	   0.034	  
centroid.sdss.y	  (pix)	   0.023	   0.037	  
•  RMS	  devia-on	  for	  measurements	  from	  
diﬀerent	  coadds,	  for	  stars	  and	  galaxies	  
